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The proton-proton momentum correlation function is constructed in three-body photo-
disintegration channels from 12C and 16O targets in the quasi-deuteron regime within the framework
of an extended quantum molecular dynamics model. Using the formula of Lednicky and Lyuboshitz
(LL) for the momentum correlation function, we obtain a proton-proton momentum correlation
function for the specific three-body photon-disintegration channels of 12C and 16O targets, which
are assumed to have different initial geometric structures, and extract their respective emission
source sizes for the proton-proton pair. The results demonstrate that constructing a proton-proton
momentum correlation is feasible in photo-nuclear reactions, and it is sensitive to the initial nuclear
structure. For future experimental studies investigating the α-clustering structures of light nuclei,
the present work can be used to shed light on the performance and correlation function analysis of
(γ,pp) or (e,e′pp) reactions.
PACS numbers:
I. INTRODUCTION
The α-clustering state plays a fundamental role in nu-
clear structure physics and nuclear astrophysics, as it is
crucial for understanding both the process of nucleosyn-
thesis and the abundance of elements [1–9]. For nuclei
with Z ≤ 16, the mean field effect is insufficiently strong
to break cluster structures at low temperatures. There-
fore, clustering behavior can be observed at excited states
or even in the ground state. For target nuclei such as 12C
and 16O (as considered in this study), α-clustering struc-
tures have been extensively discussed [3]. 12C is of great
interest because of its three-α clustering structure, which
can be involved in astrophysical nucleosynthesis with its
Hoyle state [10]. 16O seems more ambiguous in its config-
urations. With a four-α-clustering structure, a chain con-
figuration was predicted by the Skyrme Cranked Hartree-
Fock method [11], and a tetrahedral structure as a ground
state was predicted based on the chiral nuclear effective
field theory [12]. Different geometrical shapes of the α-
clustering nuclei can induce rich properties of structure
and reaction [13–21]. Some probes have been presented
as sensitive observables to geometrical shapes of cluster-
ing nuclei. For instance, giant dipole resonance (GDR)
displays corresponding characteristic spectra for different
α-clustering configurations of 12C and 16O [22]. Collec-
tive observables show significant differences among var-
ious α-clustering structures in heavy-ion collisions [23–
25]. However, these probes are still limited and more
probes are expected in the future. In this context, we
suggest using the proton-proton (p−p) momentum corre-
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lation function to investigate different α-clustering struc-
tures of 12C and 16O.
However, a photo-nuclear reaction is involved in the
initial nuclear excitation process with incident high en-
ergy photons, which then induce phenomena such as nu-
clear resonance fluorescence, photo-disintegration, and
photo-fission. This has been investigated for several
decades and is considered a critical process for under-
standing the nuclear structures and fundamental dynam-
ics of nucleonic systems. In particular, with the availabil-
ity of high-quality monochromatic photon beams gener-
ated by the tagged photon technique or laser-electron
Compton backscattering γ sources [26–31], using photon
beams to investigate the behaviors of hadrons in a nuclear
medium is very helpful. Different from the traditional ion
beams, photon probes are elementary and non-hadronic
and thus enable us to obtain information about the nu-
clear medium. In the past decades, low energy-photon
beams were mainly applied, for example, to studies on the
giant dipole resonance (GDR) with 15–40 MeV photons
[32]. When the photon energy is higher than the GDR
region and reaches approximately 140 MeV, the wave-
length of the photons is typically smaller than the size of
the nucleus, which is close to the size of the deuteron. To
address this region, the quasi-deuteron (QD) absorption
mechanism has been introduced [33]. It is indicated that
the photo-absorption of one proton-neutron (p−n) pair in
the nucleus is dominant in this region, and therefore this
process provides a tool for the study of nucleon-nucleon
(NN) correlation in the nucleus. The p − n correlation
in 12C has been studied using the two-nucleon knock-
out reaction in the QD region [34]. In a recent work,
we investigated the photo-nuclear reactions of 12C and
16O with different α-clustering structures in the QD re-
gion [35, 36], and found that some properties of ejected
neutrons and protons are sensitive to the geometric struc-
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2ture of α-clustering in a three-body decay channel. As
a further step, we can imagine that a two-proton decay
channel might be another useful probe for structures of
α-clustering nuclei and is thus a major task of the present
work.
The momentum correlation function of two protons
that are emitted through a final state interaction can
be calculated by the Hanbury-Brown and Twiss (HBT)
method, which is an intensity interferometry technology.
The method was initially applied in the 1950s to stel-
lar astronomy to measure the angular diameter of bright
visual stars from coherent photon beams [37]. Later,
this method was widely applied to elementary physics,
such as in the 1960s for nuclear collisions at interme-
diate and high energy [38]. It was demonstrated that
two-particle correlations can be used as an estimation
of the space-time dimensions of the emission region as
well as a method to determine the form of short-range
interaction potential. Thus far, the nucleon-nucleon cor-
relation function has been applied to investigate the
heavy-ion collision dynamics at intermediate energy in
the framework of different transport models [39–42]. In
ultra-relativistic nuclear collisions, the first measurement
of two-antiproton interaction was realized by analyzing
the momentum correlation function between antiprotons,
and the scattering length and effective range for the an-
tiproton interactions were quantitatively extracted ex-
perimentally [43, 44]. The same method was also pro-
posed to search for new exotic hadron candidates (e.g., a
possible dibaryon candidate NΩ [45–47] and a new anti-
matter nucleus 4Li [48]. Furthermore, this method has
been applied to study some light nuclei with exotic struc-
tures, including proton-rich nuclei (22Mg and 23Al, etc.
[49–52]) and neutron-rich nuclei (6He, 11Li, and 14Be,
etc. [53, 54]). Thus, to extend the HBT technique to
light α-conjugate nuclei and to examine the properties of
the exotic structures are a natural consideration.
In this study, using a transport model (the extended
quantum molecular dynamics (EQMD) model [55]), we
calculate a two-proton momentum correlation function
for photo-disintegration at an incident photon energy of
approximately 100 MeV. Using a QD mechanism, we
demonstrate the feasibility of constructing the momen-
tum correlation function for the emitted protons from
a three-body photo-disintegrated channel using the LL
formula. We then extract the emission source sizes for
different 12C and 16O configurations.
The remainder of this paper is organized as follows.
Methods of calculations are presented in Section 2, which
includes three parts: a brief introduction to EQMD
model, the process of QD absorption, and the LL ana-
lytical method. In Section 3, we present the main results
and discussion, which include the reliability check for our
model, proton-proton momentum correlation functions,
and the deduced source sizes for different α-clustering
structures of 12C and 16O with 100-MeV incident pho-
tons. In addition, an energy dependence of momen-
tum correlation functions of 16O with the linear four-
α structure and the corresponding source sizes are pre-
sented. The results demonstrate that the proton-proton
momentum correlation function is sensitive to different
α-clustering structures of 12C and 16O. Therefore, this
work can be used to shed light on future experimental
studies in photo-nuclear facilities. Finally, a summary is
provided in Section 4.
II. METHODS OF CALCULATIONS
A. EQMD model
The quantum molecular dynamics (QMD)-type
model [56, 57] have been extensively applied in dealing
with fragment formation and correlation in heavy ion col-
lisions at intermediate energy [57–60]. However, descrip-
tions of the ground state of the nucleus have not been
sufficiently accurate for the QMD-type model, because
the phase space obtained from Monte Carlo samples is
typically not at the lowest point of energy. To solve this
problem, an extended version of QMD (EQMD) has been
developed [55] and is used in our calculation.
Two features are introduced in the EQMD compared
with the standard QMD. To cancel the zero-point energy
caused by the wave packet broadening in the standard
QMD, the cooling process can be used to maintain the
mathematical ground state. However, the Pauli princi-
ple is then broken. Unlike in the standard QMD model,
Fermi statistics are not satisfied in the EQMD because
nucleons are not antisymmetrized. However, repulsion
between identical nucleons is phenomenologically consid-
ered by a repulsive potential [61] known as a Pauli poten-
tial. As a result, saturation properties and α-clustering
structures can be obtained after energy cooling in the
EQMD model [22]. Another feature is that the EQMD
model treats the width of each wave packet as a dynamic
variable [62]. The wave packet of the nucleon is taken in
a Gaussian-like form as follows:
φi(ri) =
(
vi + v
∗
i
2pi
)3/4
exp
[
− vi
2
(~ri− ~Ri)2+ i~
~Pi ·~ri
]
,
(1)
where ~Ri and ~Pi are the centers of position and momen-
tum of the i-th wave packet, and the vi is the width of the
wave packets, which can be presented as vi = 1/λi + iδi,
where λi and δi are dynamic variables. The vi of the
Gaussian wave packet for each nucleon is dynamic and
independent.
The Hamiltonian of the entire system is written as fol-
3lows:
H =
〈
Ψ |
∑
i
− h
2
2m
52i −T̂c.m. + Ĥint | Ψ
〉
=
∑
i
[ ~P 2i
2m
+
3~2(1 + λ2i δ2i )
4mλi
]
− Tc.m. +Hint, (2)
where Tc.m. is the zero-point center-of-mass kinetic en-
ergy [63] and Hint is the interaction potential in the
form of
Hint = HSkyrme+HCoulomb+HSymmetry +HPauli, (3)
where the Pauli potential HPauli =
cP
2
∑
j(fi−f0)µθ(fi−
f0) with fi is defined as an overlap of the i-th nucleon
with other nucleons that have the same spin and isospin.
In the present work, we simulate the photo-absorption
and photo-disintegration in the EQMD model with the
obtained configurations for 12C and 16O and treat three-
body decay properties.
B. Process of QD absorption
Photo-nuclear reaction has been used as a probe for
nuclear structures in describing sensitive observations
within the EQMD model. In this section, we clarify the
photo-absorption process by a QD mechanism. For de-
tails, a single proton-neutron pair in a single α cluster
of given α-conjugate nuclei is bombarded with incident
photons at energy in the QD region, and then the nucleus
is excited by the absorption process and enters the trans-
port process to the final state, and finally leads to particle
ejection. In this study, a three-body decay channel with
two protons and one residual nucleus was our only fo-
cus (where other decay channels are not discussed). The
phase space information of the emitting protons is taken
as the input for our correlation function calculations us-
ing the LL method, which is briefly introduced later.
A proton-neutron pair inside the nucleus can be
treated as a QD when incident photons are in interme-
diate energy of approximately 70–140 MeV. In this case,
the photon absorption mechanism plays a dominant role,
and the QD photo-disintegration reaction is considered
based on Levinger’s QD model [64], where the latter
employs an impulse approximation method that consid-
ers the remaining nucleons and the correlated proton-
neutron pair act as spectators after incident photons have
been absorbed.
In the calculation, different configurations of 12C and
16O obtained from the cooling process with the Pauli po-
tential in the EQMD model are considered as the inputs
of the phase space. For nuclei composed of N-α clusters,
we can simplify our consideration through an absorption
process (γ,4He) in which an α cluster inside the target
is chosen randomly. We then assume the remaining two
nucleons and absorbed QD inside this and other clusters
in the nucleus are spectators. This is because the spa-
tial separation between α clusters is much greater than
the distance between a pair of QDs in the EQMD frame.
However, in the assumptions of other models such as mi-
croscopic cluster models, it becomes more complicated.
The kinetic process in our calculation is such that photon
energy transfers to the proton-neutron pair of the chosen
α cluster and its kinetic process is replaced by 2H(γ, np).
Whether the process occurs depends on the cross section
of 2H(γ,np) in each event by Monte Carlo sampling. The
cross section that uses this calculation is integrated from
the angular-dependent formula of the proton of this re-
action as fitted by Rossi et al. [65], where the incident
photon energy ranges from 20 to 440 MeV in the center-
of-mass (CM) frame. More details can be found in the
literature [65].
Because only one α cluster interacts with photons in
each photo-nuclear reaction event, we select one proton-
neutron pair inside an α cluster by Monte Carlo sam-
pling according to the cross section formula of 2H(γ,np).
The total four-momentum in the system for the photon-
absorption in the laboratory frame can be written as
~PLabtot = ~P
Lab
γ + ~P
Lab
QD . We then translate the CM frame
using the Lorentz boost. The total momentum of the
system before absorption is ~P cmtot = L(β)~P
Lab
tot , where β =
PLABtot /P
LAB
tot (0), L(β) is the operation of the Lorentz
transformation, and ~PLabtot (0) is the total energy of the
two-body system in the CM frame.
In terms of conservation of momentum and energy,
the four-momentum of the outing proton-neutron pair of
4He(γ, pn)d is written as Ecmp = E
cm
n = P
cm
tot (0)/2 and
~P cmp = −~P cmn =
√
m2 + (~P cmtot (0)/2)
2, where the m is the
mass of the nucleon. The angular distribution of outgo-
ing nucleons is obtained by the differential cross section
of (γ, np) using a Monte Carlo sampling of the 2H(γ,p)n
differential cross section. We assume that the incoming
photons are randomly distributed in the xy plane. We
then choose this event when the incoming photon is in-
side the region of the QD total cross section. After the
initial process of (γ, np) has been completed, the nucleus
is excited, and the nucleon can be emitted through final
state interaction (FSI).
C. LL analytical method
Through final state interaction, we can use the phase
space information at the emission time to construct a
momentum correlation function. Before demonstrating
our results, we describe the HBT calculation using the
LL method [66]. The LL method is based on the prin-
ciple that the correlation functions of identical particles
when emitted at small relative momenta are determined
by the effects of quantum-statistical symmetry of par-
ticles and the final-state interaction [67]. The correla-
tion function can then be expressed through a square
4of the symmetrized Bethe-Salpeter amplitude averaged
over the four coordinates of the emission particles and
the total spin of the two-particle system, which repre-
sents the continuous spectrum of the two-particle state.
In this model, the FSI of particle pairs is assumed to
be independent in the production process. Based on the
conditions described in Ref. [68], the correlation function
of two particles can be written as
C (k∗) =
∫
S (r∗,k∗) |Ψk∗ (r∗)|2 d4r∗∫
S (r∗,k∗) d4r∗
, (4)
where r∗ = x1 − x2 is the relative distance between the
two particles at their kinetic freeze-out, k∗ is half of the
relative momentum between two particles, S (r∗,k∗) is
the probability to emit a particle pair with given r∗ and
k∗ (i.e., the source emission function), and Ψk∗ (r∗) is the
Bethe-Salpeter amplitude, which can be approximated by
the outer solution of the scattering problem [43]. With
the aforementioned limit, the asymptotic solution of the
wave function of the two charged particles takes the fol-
lowing approximate expression:
Ψk∗ (r
∗) = eiδc
√
Ac (λ)×[
e−ik
∗r∗F (−iλ, 1, iξ) + fc (k∗) G˜ (ρ, λ)
r∗
]
, (5)
where δc =argΓ (1 + iλ) is the Coulomb s-wave phase
shift with λ = (k∗ac)
−1
in which ac is the two-
particle Bohr radius, Ac (λ) = 2piλ [exp (2piλ)− 1]−1 is
the Coulomb penetration factor, and its positive (neg-
ative) value corresponds to the repulsion (attraction).
In addition, G˜ (ρ, λ) =
√
Ac (λ) [G0 (ρ, λ) + iF0 (ρ, λ)]
is a combination of regular (F0) and singular (G0) s-
wave Coulomb functions [69, 70], and F (−iλ, 1, iξ) =
1+(−iλ) (iξ) /1!2 +(−iλ) (−iλ+ 1) (iξ)2 /2!2 + · · · is the
confluent hypergeometric function with ξ = k∗r∗ + ρ,
ρ = k∗r∗.
The s-wave scattering amplitude (fc (k
∗)) is renormal-
ized by the long-range Coulomb interaction. It is ex-
pressed as follows:
fc (k
∗) =
[
Kc (k
∗)− 2
ac
h (λ)− ik∗Ac (λ)
]−1
, (6)
where h (λ) = λ2
∑∞
n=1
[
n
(
n2 + λ2
)]−1−C − ln [λ] with
the Euler constant C = 0.5772. Kc (k
∗) = 1f0 +
1
2d0k
∗2 +
Pk∗
4
+ · · · is the effective range function in which d0 is
the effective radius of the strong interaction, f0 is the
scattering length, and P is the shape parameter. The
parameters of the effective range function are important
parameters that characterize the essential properties of
the FSI and can be extracted from the correlation func-
tion measured experimentally [43, 71, 72].
III. RESULTS AND DISCUSSION
We quantitatively compared the data to verify the
model’s reliability (e.g., by checking the recoil momen-
tum spectrum and the missing energy spectrum). The
recoil momentum is defined as ~Precoil = ~Pγ − ~Pp1 − ~Pp2,
whereas the missing energy takes the form Emissing =
Eγ − Tp1 − Tp2 − Trecoil. Here, p1 and p2 denote two
emitted protons; ~Pγ is the momentum of the incident
photon; ~Pp1 and ~Pp2 are the momenta of the two emitted
protons; and Tp1, Tp2, and Trecoil are the kinetic ener-
gies of the two protons and recoiled residue, respectively.
In our previous work [35, 36], we quantitatively com-
pared the data for photo-12C and -16O reactions at Eγ
= 80–130 MeV [73, 74]. The results demonstrated that
Emissing and Precoil spectra agreed well with the data.
Here, we added a new example with the data comparison
(i.e., the missing energy and recoil momentum spectra of
12C(γ,pp)10Be at Eγ = 145–157 MeV). Figure 1 displays
a comparison of our calculations with the data [75] for
Emissing (a) as well as Precoil of
12C(γ,pp)10Be under the
cut of Emissing < 40 MeV (b). Note that the calcula-
tions shown in the figure were normalized with the same
scale for comparison with the data. An observation of
the Emissing spectrum suggested that the addition of the
sphere + triangle (or chain) could reproduce the spec-
tra, thereby indicating a multi-configuration feature of
the 12C nucleus. A review of the Precoil spectrum sug-
gested that all three could give a broad peak position of
Emissing at approximately 150 MeV/c. However, for the
width, the mixture of the sphere plus triangle may work
well. We did not expect perfect fits for the data from our
dynamic model, but the overall good agreement indicated
that our model is capable of exploring more physics.
Based on model reliability, we investigated other ob-
servables such as the proton-proton momentum correla-
tion function for photo-disintegrations of 12C and 16O
with different α-clustering configurations, which are ob-
tained by cooling using the EQMD model [22]. For a
comparison with non-structured 12C and 16O, we used
the Woods-Saxon nucleon distribution for both nuclei,
which are tagged as spheres in the texts. Many different
photo-disintegration channels were derived from our full
calculations (e.g., 12C(γ,np)10B and 16O(γ,np)14N are re-
spective dominant channels in the process of γ+12C and
γ+16O, which have roughly a 90% branching ratio for
photo-disintegration from α-clustering nuclei or roughly
a 50–60% branching ratio from the Woods-Saxon spheric
nucleus). However, in this study, we focused only on the
three-body decay channel in the final state, which in-
cludes a residue and two protons, considering that effec-
tively detecting neutrons in most experiments is difficult.
In fact, the branching ratios for two-proton channel from
each configuration are rare. Specifically, we found that
for the 16O case, they were only 0.40%, 0.70%, 0.85%,
1.30%, and 5.13% for the chain, kite, square, tetrahe-
dron, and sphere configurations, respectively, with the
5 (MeV)missingE
0 10 20 30 40 50 60 70 80 90
b/
M
eV
)
µ
 
(
σ
0
0.2
0.4
0.6
0.8
Be10,pp)γC(12
chain
triangle
sphere
data
(a)
=145-157MeVγE
 (MeV)
recoil
p
0 50 100 150 200 250 300 350 400 450 500
yie
ld
0
50
100
150
200
Be10,pp)γC(12
chain
triangle
sphere
data
(b)
=145-157MeVγE
FIG. 1: Missing energy (a) and recoil momentum (b) spectra for 12C(γ,pp) at Eγ = 145–157 MeV. Note that the cut of
Emiss <40 MeV is applied as the data [75] for Precoil (b). Different lines represent different initial geometric configurations of
12C, as indicated in the insert. Please see the corresponding literature for details.
total number of simulation events being 0.5 million. For
the 12C case, they were only 0.45%, 0.75%, and 5.05%
for the chain, triangle, and sphere configurations, respec-
tively, with the total number of simulation events be-
ing 0.25 million. In these data, the chain configuration
had the smallest two-proton emission branching ratio,
whereas the spheric configuration had the largest. Later,
we found that the increasing trend of the two-proton
emission branching ratio from the chain, kite, square,
tetrahedron, and sphere configurations was in line with
the decreasing trend of the proton-proton emission source
size or initial nuclear size. For details, please see Tables
I and II.
Although the branching ratios were very small, the
proton-proton momentum correlation functions could be
reconstructed based on the phase space information. In
fact, in our previous heavy-ion experiment, the two-
proton emission probability was also very low. However,
the proton-proton correlation can still be investigated
[49, 50]. In this photo-nuclear reaction simulation, the
final-state phase spaces of emitted protons were recorded
after photo-absorption within the EQMD frame, which
were taken as the inputs of the LL model. Before the
correlation functions were calculated, we needed to know
the emission times of two protons in the three-body exit
channel. The times for nucleon emission were calculated
starting from the beginning of photon absorption. When
a proton-neutron (QD) pair inside the nucleus absorbed
photon energy, it obtained higher kinetic energy and in-
teracted with other nucleons. Through a method of nu-
cleonic coalescence at each time step, the process can be
roughly taken whereby the target ejects two protons and
reorganizes other nucleons into a residue nucleus. We
could track two emitted protons and obtain their emis-
sion times and then use the current emission time and
phase space information as inputs for calculating the cor-
relation functions in the LL model.
A. Proton-proton momentum correlation functions
for different α-clustering structures
The calculations of the p − p momentum correlation
function for 12C(γ,pp)10Be and 16O(γ,pp)14C are pre-
sented in Fig. 2. We can clearly see that the correlation
functions show a dip at a smaller relative momentum
(∆q = |~p1− ~p2|/2)), which derived from the Coulomb re-
pulsion, and a broad peak at approximately 20 MeV/c,
which originated from the singlet proton-proton attrac-
tive interaction. It then tends to the unit at a larger
∆q because of the vanishing correlation. It is inter-
esting that the correlation strength of Cpp at approxi-
mately 20 MeV/c in Fig. 2 is sensitive to the configu-
ration structure, which indicates a different source size
and/or emission time. For the 12C case, the spheric
structure (i.e., the random nucleon distribution inside
the nucleus) yields the largest Cpp, whereas the chain α-
clustering structure has the lowest correlation strength
and the triangle α-clustering is in between. For the 16O
case, the situations are similar but with a greater num-
ber of configurations (i.e., the spheric case displays the
strongest correlation, the tetrahedron α-clustering struc-
ture displays the second, the square and kite are in be-
tween, and the chain α-clustering structure shows the
weakest strength).
Fig. 2 can be explained by the effective emission source
size of the proton-proton from different nucleon distri-
bution structures. In the traditional interpretation of
the p − p HBT correlation, a correspondence exists be-
tween a strong correlation function and compact source
size. Because the chain structure has the largest size, its
correlation function is the weakest, and it corresponds
to the largest emission source size. For the spheric nu-
cleon distributions of 12C and 16O, the energy cooling
process in the initialization of EQMD makes the nucleus
very compact. It then shows the strongest HBT corre-
lation strength. However, the triangle structure of 12C
and tetrahedron structure of 16O have very good sym-
metric structures. Accordingly, the correlation functions
6are the strongest, illustrating the most compact emis-
sion source size among all α-clustering configurations.
The square and kite α-clustering structures appear as
the middle HBT peaks. The stronger peak in the case
of the square indicates a smaller source size than in the
kite case. Of course, this represents only a qualitative ex-
amination. Later, we extract the source size for different
cases to support our judgments.
For the QD absorption mechanism in our calculation,
a certain neutron-proton pair undergoes photon absorp-
tion, and the vast majority of initial neutrons and pro-
tons in the same cluster are finally emitted. However,
two-proton emission can still be observable despite its
very low emission probability. The emission mechanism
of two protons is as follows: the first proton is knocked
out due to photo-absorption, and the second is primarily
emitted through a knocked-out neutron exchanging with
another proton in another α cluster. In this case, the time
difference between two outgoing protons is much longer,
which results in a decrease in correlation strength.
To verify such an ideal, we compare the proton-proton
momentum correlation functions in which protons derive
from all exit channels rather than only a two-proton-
plus–residue channel. Fig. 3 shows these results. In
comparison with the correlation functions constructed
from the two-proton emission channel (Fig. 2), the or-
der of peak strength for different configurations does not
change. However, the magnitudes for each configura-
tion increase. The former illustrates that the proton-
proton correlation method is actually a sensitive probe
for different configurations through photo-nuclear reac-
tions, regardless of two-proton emission channel or all
proton channels. The latter illustrates that the effective
emission source from those emitted protons are smaller
and/or the time difference between two outgoing pro-
tons is relative shorter compared with the two-proton-
emission case. This was explained in the previous para-
graph.
Although a strong correlation exists at approximately
∆q ∼ 20 MeV/c in the momentum space, this correla-
tion may emerge between the emission angle of protons.
To check this, we plotted Fig. 4 for distribution of the
opening angle between two emitted protons for the tetra-
hedron configuration of 16O, where a cut of ∆q is taken
between 15 and 25 MeV/c. As expected, an evident peak
emerges in the small angle range of approximately 20
degrees. This indicates a stronger smaller angle emis-
sion between the correlated two protons at ∆q ∼ 20
MeV/c [49], which is significantly different from the ran-
dom emission scenario between two uncorrelated protons.
B. Source sizes
Before we discuss quantitative extraction of the emis-
sion source size from the proton-proton correlation func-
tion, it is helpful to determine the RMS radii for differ-
ent initial nuclei, including α-clustering configurations.
TABLE I: RMS radius (rRMS), binding energy (Ebind/A),
HBT radius (Rsource) extracted from the p − p momentum
correlation function (Fig. 2), and the two-proton emission
branching ratios (B.R.2p) (described in Section III). These
results were obtained for 100 MeV γ + 12C reactions. The
experimental data for the RMS radius and Ebind/A of
12C
ground state are also listed.
Configuration rRMS Ebind/A Rsource B.R.2p
(fm) (MeV) (fm)
Chain 2.71 7.17 1.85 0.45%
Triangle 2.35 7.12 1.55 0.75%
Sphere 2.23 7.60 1.25 5.05 %
Exp. Data 2.4702(22) 7.68
TABLE II: Same as Table I but for 16O configurations.
Configuration rRMS Ebind/A Rsource B.R.2p
(fm) (MeV) (fm)
Chain 3.782 7.26 2.40 0.40%
Kite 3.254 7.22 1.75 0.70%
Square 2.908 7.29 1.60 0.85%
Tetrahedron 2.761 7.79 1.50 1.30%
Sphere 2.6 8.15 1.40 5.13%
Exp. Data 2.6991(52) 7.976
Tables I and II show these results. It is obvious that
the chain structure, which is extremely deformed, has
the longest root mean square (RMS) radius, whereas
the triangle or tetrahedron structure is more compact
and spatially symmetric. In principal, the source size
reflects proton occupancy of the space. Therefore, the
chain structures of 12C and 16O demonstrate larger sizes,
whereas the other configurations with more compact ge-
ometric space show smaller sizes. Table II shows that
the difference between the RMS radii of the chain and
kite configurations is more significant than the differences
between other configurations. Thus, Cpp is more distin-
guishable for its chain structure than in other configura-
tions. By contrast, the square structure of 16O approx-
imates the tetrahedron configuration in terms of spatial
symmetry. These were also similar in terms of momen-
tum correlation functions, as shown in Fig. 2.
From the given results of Cpp as shown in Fig. 2 for
the 100-MeV photon energy case, emission source sizes of
proton-proton pair (Rsource) could be extracted. These
are listed in Tables I and II. Traditionally, the source
sizes are extracted by assuming the Gaussian source from
the HBT correlation results. To accomplish this, the
difference in emission times between two emitted pro-
tons should be considered as this is critical to obtain
the correct source size. The Gaussian emission source in
space and time can be written according to a function of
exp(− r2
2r20
− tt0 ), where t0 is the lifetime for the emission
of the second proton based on the assumption that the
first proton is emitted at time t = 0. We then obtain t0
by fitting between t and t
′
, where t is the distribution
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FIG. 2: Momentum correlation functions of two emitted protons from different initial α-clustering structures of 12C (a) and
16O (b) bombarded with 100 MeV photons. Different lines represent different initial geometric configurations.
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FIG. 3: Same as Fig. 2 but with all emitted protons from all decay channels.
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FIG. 4: Opening angular distribution between two emitted
protons with a relative momentum cut between 15 and 25
MeV/c for the tetrahedron configuration of 16O.
of emission times of the second proton, including all the
events, and t
′
is sampled from a function of exp(− t
′
t0
).
During the fit procedure, the best fitted radius of the
source is obtained by searching a minimum of χ2 to fit
the EQMD HBT results.
Fig. 5 shows the χ2 fits for the p−p correlation function
as a function of the radius of the Gaussian source for dif-
ferent configured structures of 12C (a) and 16O (b). The
points of minimum χ2 demonstrate that the chain config-
uration has the largest source size from among the differ-
ent α-clustering structures, the triangle and tetrahedron
configurations have the minimum source sizes. Further,
the kite and square configurations are between the chain
and tetrahedron configurations for the 16O system. In
addition, for the spheric nucleon distribution structure,
the source size is the most compact. It is reasonable that
the larger the space occupancy, the greater the size of the
emission source from the proton-proton correlation func-
tions. This indicates that the HBT technique is quite
useful for reflecting the time-spatial structure, even for
the exotic-shaped α-clustering nuclei. These source sizes
are listed in the fourth column in Tables I and II.
The fifth column in each of the two tables shows the
branching ratios (B.R.2p) for the two-proton emission
channel described in Section III. The tendency of B.R.2p
suggests that they are closely related to different configu-
rations. The longer the RMS radius of the initial nucleus
or the larger the proton-proton emission source size, then
the lower the two-proton emission branching ratio. This
phenomenon might be understandable based on a colli-
sion rate in space.
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FIG. 5: χ2 of the Gaussian source fits to proton-proton the momentum correlation functions shown in Fig. 1: (a) 12C, (b)
16O.
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FIG. 6: Energy dependences of two-proton correlation functions (a) and the extracted source size (b) for 16O with chain four-α
clustering structures.
C. Energy dependences of momentum correlation
functions
In previous studies, the photon energy was fixed at 100
MeV. Fig. 6 presents the correlation functions at different
incident photon energies. As an example, we show only
the p − p correlation functions for 16O with the chain
four-α structure. In general, the figure displays sensi-
tivities of the HBT strengths to photon energies, (i.e.,
stronger correlation at approximately 20 MeV/c emerges
for higher incident energy). This may be explained by
faster emission times for protons and/or more compact
emission source sizes at higher photon energies. As a
quantitative illustration, the right panel depicts the ex-
tracted source sizes at corresponding energies, revealing
that the source sizes generally increase at lower incident
energies. This is consistent with the HBT systematics
with energy.
IV. SUMMARY
Three-body photo-disintegration channels from
12C(γ,pp)10Be and 16O(γ,pp)14C were investigated in a
QD energy region within a framework of EQMD, and
proton-proton momentum correlation functions were
constructed and analyzed. In this study, phase-space
information of nucleons at their emission times and the
emission duration between two protons were extracted.
Proton-proton momentum correlation functions were
then obtained using the LL method for 100-MeV γ +
12C and 16O targets, which were initialized by different
geometric structures (i.e., random Woods-Saxon nucleon
distribution and different α-clustering structures).
For each nuclear configuration, the strength of the
proton-proton momentum correlation function Cpp
demonstrated a sensitivity to the α-clustering structure
of 12C and 16O. This was also supported by the source
sizes fitted by the Gaussian source to the momentum
correlation functions. The present work also determined
that, in the QD regime, Cpp is sensitive to incident
photon energy, indicating that the emission source size
depends on the photon energy.
This study demonstrated that the construction of a
proton-proton momentum correlation function is feasi-
ble in photo-nuclear reactions, and can be a promising
tool for exploring nuclear structure information experi-
mentally. In fact, high brilliance photon facilities such
9as HiGS [27] and LEI-NP [29] make this possible. In
addition, these considerations could be applied to the
(e,e′pp) reactions due to the availability of high-quality
proton and electron beams [76]. For future experimental
studies investigating the α-clustering structures of light
nuclei, our study can shed light on the performance and
momentum correlation analysis of (γ,pp) or (e,e′pp) re-
actions.
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